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Table S1. Gibbs free energy of activation (AG?) for the Os-initiated reaction of phe,
4-HBA, and VL. Unit: kcal mol .

Compounds Cl-C2 C2-Cs3 C3-C4 C4-C5 C5-C6 C6-C1
Gas-phase
Ph 19.03 20.60 20.46 - - -
4-HBA 23.59 24.22 24.84 24.33 2347 24.52
VL 22.54 24.46 21.00 25.95 2251 23.22
Bulk water
Ph 14.94 17.88 15.75
4-HBA 20.21 21.27 22.38 20.92 19.84 20.81
VL 19.17 20.89 17.89 24.43 18.56 19.56
A-W interface
Ph 15.18 18.10 12.86
4-HBA 21.76 22.03 24.69 25.24 23.88 22.36
VL 14.15 19.16 16.01 2141 21.02 19.81
TiOz clusters
Ph 25.34 24.46 24.30
4-HBA 25.91 2351 23.96 26.53 23.23 27.83
VL 15.98 11.42 17.44 11.14 13.37 14.65

Table S2. Gibbs free energy of reaction (A/G) for the Os-initiated reaction of MeP and

halo-parabens. Unit: kcal mol 2.

Compounds Ci1-C2 C2-C3 C3-C4 C4-C5 C5-C6 C6-C1
Gas-phase
Ph -28.85 -25.44 -24.77
4-HBA -24.26 -21.71 -17.86 -16.21 -22.74 -21.46
VL -23.72 -19.55 -20.42 -14.57 -24.02 -26.62
Bulk water
Ph -31.58 -27.21 -30.11
4-HBA -26.18 -23.81 -20.32 -19.72 -28.56 -24.50
VL -27.10 -23.10 -24.33 -19.54 -31.30 -31.11
A-W interface
Ph -30.00 -27.30 -27.01
4-HBA -21.92 -25.40 -19.38 -18.69 -21.35 -23.34
VL -31.29 -34.68 -16.62 -22.71 -30.85 -29.35
TiOz clusters
Ph -31.22 -21.38 -19.86
4-HBA -17.42 -26.57 -17.96 -15.98 -24.45 -16.25

VL -24.60 -20.40 -20.31 -16.87 -23.57 -31.74




Table S3. Gibbs free energy of activation (AG*) for the HO*-initiated reaction of phe,
4-HBA, and VL. Unit; kcal mol 2.

Compounds Rrarl Rrar2 Rrar3 Rrard Rrar5 Rrarb Ruan2 Ruan3 Ruand Riaab RHaab Ruaa? Rraa8 Rnaa9
Gas-phase
Ph 6.37 3.45 7.59 5.57 - - 6.86 45.19 8.56 - - 4.08 - -
4-HBA 10.55 7.42 10.86 10.45 11.80 10.00 10.33 11.70 - 10.30 49.33 7.61 4.87 -
VL 7.85 6.39 7.69 9.32 10.43 10.29 - 33.89 - 10.37 46.96 8.81 4.90 10.47
Bulk water
Ph 717 5.27 5.60 2.46 - - 9.03 29.08 6.98 - - 5.39 - -
4-HBA 11.22 9.43 9.86 8.01 8.77 6.96 11.22 9.43 - 9.86 8.01 8.77 6.96 -
VL 6.69 6.58 7.72 7.62 6.94 7.69 - 26.74 - 10.63 30.17 10.38 6.38 9.96

A-W interface

Ph 6.81 -0.97 7.86 4.38 - - 6.88 7.03 7.30 - - 1.95 - -
4-HBA 12.04 5.35 11.37 9.33 10.82 8.10 11.22 12.74 - 9.38 1453 8.76 8.17 -
VL 5.24 6.48 3.25 167 110 3.48 - 10.35 - 8.95 8.89 5.43 121 4.60

TiO2 clusters

Ph 4.70 514 16.98 11.50 - - 7.47 12.16 12.48 - - 4.89 - -
4-HBA 12.55 8.95 11.47 2.64 12.85 10.20 11.08 8.11 - 11.50 11.45 13.46 4.99 -

VL -1.88 -3.22 -2.78 -3.81 -0.40 0.40 - 5.78 - 173 2.20 -1.05 -7.48 -0.51
VLp re 0.00 0.00 0.00 0.00 0.00 0.00 - 17.28 - 0.00 0.00 -0.01 12.30 0.00

vLP™®: AG* values of free energy difference between transition states and reaction complexes.



Table S4. Gibbs free energy of reaction (A:G) for the HO®-initiated reaction of phe,
4-HBA, and VL. Unit; kcal mol 2.

Compounds Rrarl Rrar2 Rrar3 Rrard Rrar5 Rrar6 Ruan2 Ruan3 Ruand Rraab RHaab Ruaa? Rraa8 Rnaa9
Gas-phase
Ph -15.85 -15.78 -11.57 -12.81 - - -9.92 -10.82 -9.57 - - -32.39 - -
4-HBA -12.29 -11.73 -9.12 -4.21 -7.88 -8.39 -6.31 -6.51 - -5.67 -5.17 -27.53 -28.86 -
VL -16.53 -13.40 -10.20 -6.06 -11.05 -7.33 - 1.66 - -5.07 -5.26 -29.65 -29.18 -21.19
Bulk water
Ph -13.36 -14.77 -16.58 -13.39 - - -6.92 -6.43 -6.43 - - -31.97 -
4-HBA -12.38 -9.50 -9.45 -5.31 -11.28 -9.81 -7.96 -8.82 - -9.33 -8.11 -28.25 -29.34 -
VL -30.28 -27.25 -24.49 -6.23 -15.18 -8.18 - -4.75 - -8.14 -7.70 -34.53 -28.99 -22.24

A-W interface

Ph -14.07 -17.70 -11.90 -14.04 - - -11.10 -11.77 -10.60 - - -31.31 - -
4-HBA -11.49 -10.79 -8.10 -9.68 -8.32 -10.06 -6.48 -6.39 - -7.35 - -24.50 -29.95 -
VL -23.74 -7.11 -12.13 -14.08 -14.05 -17.02 - -4.94 - -9.06 -6.62 -32.29 -28.21 -22.58

TiO2 clusters

Ph -20.66 -15.51 -10.59 -8.04 - - -6.92 -6.43 -6.43 - - -31.97 - -

4-HBA -17.85 -9.27 -10.91 -2.15 -13.04 -7.96 -5.34 -6.68 - -8.71 -3.85 -21.60 -20.82 -

VL -29.72 -21.80 -25.06 -19.88 -25.90 -16.39 - -29.72 - -21.80 -25.06 -19.88 -25.90 -16.39




Table S5. The reaction rate constants (kuni/cm® molecule

1

s 1) for the ozonolysis of

Ph, 4-HBA, and VL in different environmental media (EM) over the temperature

range of 318 — 278 K.

EM k 318 308 298 288 278 r
Ph
ki 6.69x107 6.33%107 5.98x107 5.64>107 5.32x107 100.00%
ke 2.50<10Y 1.08x107  4.46x1018  1.73x1018  6.28x1019 0.00%
A-W
ks 2.33x1019 8.67x<10%°  3.03x10%  9.85x10%  2.97x10% 0.00%
Kot 6.69>107 6.33<107 5.98x107 5.64>107 5.32x107 100.00%
ki 2.65x10% 6.82x<10%5  1.61x10%5  3.44x10%  6.61x107% 8.73%
ke 1.01x102 271102  6.69x<10%  1.50x<10%  3.04x10% 36.33%
TiO»
ks 1.48x102 4.04x102%  1.01x102%4  231x10%  4.77x102 54.94%
Koot 2.75x10%3 7.43x10%*  1.84x10%  4.16x10%  8.47x10% 100.00%
ki 5.7610%0 5.82x10%°  517x10%  4.88x10%  4.61x10% 97.94%
ke 4.76102% 1571021 4.79x1022  1.35x1022  3.50<10%3 0.91%
Gas phase
ks 5.97x10% 1.98x1021  6.09x1022  1.72x1022  4.42x10%3 1.16%
kot 6.83x10%0 6.17x10%°  527x10%  4.91x10%  4.62x10% 100.00%
ki 1.43x1012 1.51x1012 1.59x1012 1.68x1012 1.77x1012 39.58%
ke 8.96x10M 9.59x10% 1.03x1012 1.10x1012 1.18x1012 25.56%
Bulk water
ks 1.25x1012 1.32x1012 1.40x1012 1.48x1012 1.57x1012 34.86%
kot 3.58x1012 3.79x10%2 4.02x1012 4.26x102 4511012 100.00%
4-HBA
ki 3.74x10%2 1.16x1022  3.32x102  8.76x10%*  2.10<10% 48.92%
ka 2.44x1022 745x108  2.10x108  546x102%  1.29x10% 30.98%
ks 3.65x10% 9.73x10%  2.38x10%  5.28x10%  1.05x10% 0.35%
A-W ka 1.54x1024 3.98x10%5  9.42x102%  2.03x10%  3.91x10% 0.14%
ks 1.33x102 3.69x10%*  9.44x10%  2.20x<10%  4.63x10% 1.39%
ke 1.48x1022 445%102  1.24x102  3.15x102%  7.31x10% 18.22%
kot 7.85x1022 2.40x10%2  6.79x<10B  1.77x<10B  4.18x10% 100.00%
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Table S6. The reaction rate constants (kuni/cm® molecule ~* s 1) for the HO*-initiated

reaction of Ph, 4-HBA, and VL in different environmental media (EM) over the

temperature range of 318 — 278 K.

EM k 318 308 298 288 278 r
Ph-RraF
k1 7.33x1012 4.90%1012 3.20x1012 2.03x1012 1.25x1012 0.00%
k2 2.74%10° 2.70%10 2.67x10 2.64%10° 2.62x%10 99.15%
ks 2.77x1012 1.75x1012 1.08x1012 6.44x1013 3.71x1018 0.00%
Ka 3.27>1010 2.47x1010 1.84x1010 1.34%1010 9.59>1011 0.01%
KtotRAF 2.74x10 2.70x106 2.67x10° 2.64x10 2.62x10 99.16%
A-W Ph-Ruaaben
k1 2.09x10 1 1.42>1011 9.43x1012 6.10%<1012 3.83x1012 0.00%
k2 1.87x<10-1 1.27><10 1 8.39x1012 5.40x1012 3.37x1012 0.00%
ks 6.47x1012 4.33%1012 2.82x1012 1.79x1012 1.10x1012 0.00%
KtotHAADen 461101 3.12x101t 2.06>1011 1.33x101 8.30x1012 0.00%
Ph-RHAASUb
k7 2.95x%10-8 2.59x108 2.26x108 1.96%108 1.69%<108 0.84%
KtotHAAsUD 2.95%108 2.59x108 2.26%108 1.96x108 1.69x108 0.84%
Ktot 2.77>10 2.73%10° 2.69x106 2.66>106 2.63x106 100.00%
Ph-RraF
k1 1.71x<1010 1.51x1010 1.11x1010 7.93x101 5.57x101t 34.90%
ka2 1.91x1010 1.38x1010 9.85x1011 6.86x<1011 4671011 31.10%
ks 1.58%1018 6.28x101° 2.35x101° 8.26x1020 2.70x1020 0.00%
ks 4.55%1015 2.39x1015 1.21x1015 5.85x%1016 2.69x%1016 0.00%
KtotRAF 3.62x1010 2.89x1010 2.10x1010 1.48%1010 1.02x1010 66.00%
Ti02 Ph-RHAAben
k1 1.09x101 7.26x1012 4.71<1012 2.97x1012 1.81x1012 1.49%
k2 7.09x1015 3.71x101 1.86x1015 8.94x1016 4.07x1016 0.00%
ks 2.12>101 1.09%<101 5.39x1016 2.54x1016 1.13%1016 0.00%
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2.02>1012 6.37%

2.22x10%? 7.05%

2.21>10%2 6.88%

1.40x10%3 43.95%

2.07x10%? 4.73%

5.02>1012 13.90%

1.66x10%2 3.66%

8.75x1012 22.29%

5.96x10? 16.45%

4.14>10%2 12.49%

1.58x101? 4.81%

1.17x10% 33.75%

3.45>101 100.00%

Table S7. The acute and chronic toxicity of Ph, 4-HBA, VL and their products. (mg L

_1)

Classification

Acute toxicity*

Chronic toxicity?

Not harmful
Harmful
Toxic

Very toxic

LCs0>100 or EC50>100

10< LCso <100 or 10< ECso <100

1< LCs0 <10 or 1< ECso <10

LCs0 <1 or ECso <1

ChVv>10
1< ChV <10
0.1<ChVv <1

ChVv<0.1

L Criteria set by the European Union (described in Annex VI of Directive 67/548/EEC); 2Criteria set by the Chinese

hazard evaluation guidelines for new chemical substances (HJ/T 154-2004).
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Fig. S1 Schematic representation the initial configuration of (a) the umbrella

sampling simulation and (b) the 150 ns NVT simulation (unit: nm).
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Fig S2 The z coordinates of (a) 4-HBA and (c) as the function of 150 ns simulation
time; the pie chart with the probability of (b) Oz and (d) Ph at the A-W interface, in

air, and in bulk water.
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Fig. S3 Typical snapshots from the trajectories of (a) Ph, (b) 4-HBA, and (c) VL
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Fig. S4 The minimum energy structures of (TiO2)n (n = 1-6) obtained at the M06-2X/
6-31 + g(d,p)/LANL2DZ level.
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Fig. S7 The average local ionization energy (ALIE) of Ph, 4-HBA, and VL.



m(a) :l.}ﬂ]) 1o(c) 10(d)
= gas phase Ry, bulk water Ry ,p gas phase Ry, ,sub bulk water Ry, sub
N ! ’ |’
E, R —
-10 % -10 = -10 -10
= —_— —
220 220 20 -20
=
O -30 -30 =] =30 E— -30 — E|
< N
N amea vi " e smea ve Y B amea vi Y Pn amBA VL
() () (g) (h)
= 50 50 50 50
°
E 30 30 30 30
; é
i)
T 10 —_ = 1 —— 10 —T =
a gas phase Ry, bulk water Ry, ¢ gas phase Ry, ,sub N bulk water Ry, ,sub
O 5n amea ve " e amBa vi " e amea vt " Pn #HBA VL
i j k 1
@ (@ i) 0
5 0 0 0 =1
E —] — == — — ==
Ea0r — -10 A0} — 100
= _
220 220 20 20
=
O30 . -30 . -30 -30
< “ A-W interface Ry, Jben “© TiO, clusters Ry, ,ben w0 gas phase Ry, \ben “ bulk water Ry, ben
Ph  4HBA VL ~ Ph 4HBA VL Ph 4-HBA VL Ph 4-HBA VL
(m) (n) (0) @
= 50 A-W interface Ry, ben | 50 TiO, clusters Ry, ,ben | 50 as phase Ry, \hen 50 bulk water Ry, ben
°
E 30 30 30 30
= 10 = | 0 . = 10 10
6 —
<10 10 10 10
" Ph  4-HBA VL Ph  4-HBA VL Ph  4HBA VL  Ph 4HBA VL

Fig. S8 Statistical charts of calculated (a) — (d) A:G and (e) — (h) AG* values for

Os-initiated reactions; (i) — (I) AG and (m) — (p) AG* values for HO" -initiated

reactions.

Ph

4-HBA

Fig. S9 Minimum free energy structures of the Ph/4-HBA/VL at the

SMD/M06-2X/6-31+G(d,p) level of theory.



(a)

OH
OH

oH™%

on Pg

DHOH
)"‘02

3)- H023 4- dlh\ dfo\\hcnzmc acid

OH
. -— HO.

2,3,4- trlh\drmn bcnmlc acid

2,3,4,5,6-pentahydroxybenzoic acid .
=17.46 1 4p0,
AG,:-24,34
Barrierless AG*=5.17 AG*=13.62
/©/ "+HO" MG~ 98 34 +HOAG=-11.27 *02 AG=-18.74
: YO
® CH0, O (C;H;0,a o C H502
4-hydroxy ben70|c acid
AG7=23.13 AG*=23.76
A,G=-16.66 A,G=-30.20 w/@f
P¢-40;3 0
AG*=21.13 OH AG*=16.59
= oH |A,G=29.90,,,
A.G=-21.07
He P-5050
o P6
FOLPR AG*=19.56 AG*=23.47
Wﬁ A,G=-25.98 [A,G=-17,11
-
Ps-30 P4-60 \
L aGe—to7a 003 0N
©) A,G=-67.02
+NO -NO, l
AG7=22.89 AG*=32.93
N OH
A,G=-39.02 . A G=15.62
—— Ho
o *Hzo -Hy0,
OH o 0—06
IMpg-50;-a o Py
Ho 0 . OH (2E,4Z)-2-f0rm) 1-4,5-dihydroxy
o o—d AGT=30.05 OH -6-oxohexa-2,4-dienoic acid
P¢-50; A,G=-36.80 \
$<_> Ho o .
) PIMo50.b AG*=18.69
o o .0 VP6IVsT +04
A,G=-47.30
OH AG*=25.36
1 OQ\E AG=-54.26
IMps-O3-a o OH
2,3-dihydroxymalealdehyde| o OH
o L/
o
\o o
o Q\( HO 0\0
Py ~o AG‘ 14.83 IMp7-O5

2,3-dioxopropanoic acid IMp;-O3-b  A.G=-37.18
" .

Fig. S10 The subsequent reaction mechanisms of important intermediates (IMs) at
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Fig. S11 (a) aquatic acute toxicity and (b) chronic toxicity of Ph, 4-HBA, and VL and
their oxidation products. F: fish; D: daphnid; G: green algae.



Text S1. The simulation details of umbrella sampling simulations.

For each system, a short relax simulation (2 ns) with the position restraint of the
Ph (or 4-HBA or VL) was performed using the NVT ensemble after the completion of
the energy minimization. The water molecule with the COM coordinate (2.0 nm, 2.0
nm, 1.5 nm) was chosen as the pull reference group. To obtain the umbrella windows,
a 400 ps pull simulation was performed. The Ph (or 4-HBA or VL) molecule was pull
towards the COM of the water slab along with z direction at a rate of 0.005 nm ps !
and the pull force constant of 1000 kJ mol ~* nm 2. The position of Ph (or 4-HBA, or
VL) was restrained in order to on the one hand eliminate the effect of its movement in
x and y directions on the reaction coordinate, and on the other hand allow the
rotational of the molecule in the pull process. There were 70 windows in the umbrella
sampling (US) simulations (K&tner, 2011) and the bound of the R in every window
was kept the same as Z € [0, 4.0 nm]. The distance was varied by steps of 0.05 nm,

centered from 4.0 nm to O nm.

Text S2. The radial distribution function and coordination number

The radial distribution function (RDF) can be used to estimate the hydrogen
bonding (HB) strength between particular atoms. The HB between Ph (4-HBA, or VL)
and water at air-water interfaces occurs. The number of water molecules around the
Ph (4-HBA, or VL) molecule was obtained by calculating the coordination number
(N). Considering the density at the interface is equal to 50% of the nanoparticle

interior, the N parameter is obtained as the integrations of g(r) within r=2.5 A.



Text S3. Details of DFT calculations

The geometry optimizations and harmonic vibrational frequency of all species
were determined at the M06-2X/6-31 + G(d,p) level for the gas phase. Intrinsic
reaction coordinate calculations (IRCs) were used to confirm each transition state (TS)
connecting the reactants (Rs) and products (Ps). The single-point energy calculations
were performed at a higher level — MO06-2X/6-311++G(3df,2p). The continuum
solvation model ‘SMD’ was used to consider the solvent effect of the bulk water. The
reliability of the theoretical level we have chosen has been proved in previous studies
(Wang et al., 2021b). The M06-2X/6-31+G(d, p) level for C, O, and H (Yan and
Truhlar, 2015; Zhao and Truhlar, 2008a, b) and M06-2X/LANL2DZ level (Hay and
Wadt, 1985a; Wadt and Hay, 1985; Hay and Wadt, 1985b) for Ti were used to obtain
credible results (An et al., 2021). Fu et al. (Fu et al., 2020) and Wang et al. (Wang et
al., 2021a) have used various levels of theory to verify the accuracy of this level.
According to previous studies, the LanL2DZ basis set performs well in calculating
transition metals (Qu et al.,, 2018). The geometry optimizations and vibrational
frequencies for all reactants (Rs), transition states (TSs), intermediates (IMs), and
products (Ps) were obtained. Intrinsic reaction coordinate (IRC) was also used to
confirm the correctness of the TSs. Besides, M06-2X/6-311++G(3df,2p)/LANL2TZ
(Hay and Wadt, 1985a; Roy et al., 2008) was used to receive single-point energy. At
298 K and 1 atm, Gibbs free energy was obtained. Besides, the free energy

corrections also were considered. The adsorption Gibbs free energy was calculated by

Eq. (2):



AGad = Gadsorption complex = Gisolated molecule = Gsurface model (1)
Where AGadsorption complex 1S the total energy of the adsorbate-surface complex; Gisolated
molecule 1S the energy of Ph (or 4-HBA or VL); Gsurface model IS the energy of (TiO2)n (n =

1-6) clusters.

Text S4. Interaction region indicator (IRI).

IRI(r) = [';(’j,;’j'o )

where a is an adjustable parameter, a=1.1 is adopted for standard definition of
IRI. IRI is essentially the gradient norm of electron density weighted by scaled
electron density. Note that if a=4/3, IRI only differs from RDG by a constant prefactor.
Obviously, IRI can be immediately implemented in any code that already supported
RDG. As will be shown, by properly choosing isovalue, isosurfaces of IRI are able to
exhibit various kinds of interaction regions.

Visual Molecular Dynamics (version 1.9.3) (Humphrey et al., 1996) was used to

display the results.

Text S5. Calculation of reaction rate constant.

Chemical reaction process should be considered in the calculation of bimolecular
reaction rate constant (ki) of each elementary reaction (i). The chemical reaction rate
constant (kchem) Of each reaction route was calculated using conventional transition
state theory:

—AGF

_ kgT 0., =
kchem — OK h K"e rT (3)



where kg and h were the Boltzmann and Planck constants respectively; T was the
temperature; R was the gas constant; AG* was the free energy barrier including the
thermodynamic contribution correction; ¢ was the reaction path degeneracy,
accounting for the number of equivalent reaction paths.
Text S6. Interfacial adsorption properties

To identify the ability of the interface to adsorb gaseous phenolic compounds (Ph,
4-HBA, or VL), the free energy difference from gaseous phenolic compounds (Ph,
4-HBA, or VL) to the interface is defined as: AGgas—interface = Ginterface — Ggas, Where
Ginterface refers to the minimum value at the interface and Ggas is the maximum value in
the gas phase. The corresponding value reflects whether the interface prefers to adsorb

gaseous phenolic compounds (Ph, 4-HBA, or VL).
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